
Vol. 172, No. 9

Identification of a VirBlO Protein Aggregate in the Inner Membrane
of Agrobacterium tumefaciens
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Products of the virB operon are proposed components of a membrane-associated T-DNA transport apparatus
in Agrobacterium tumefaciens. Here we identified the virB10 gene product and raised specific antiserum to the
protein. While the virB10 reading frame contains two potential ATG translation start sites located 32 codons
apart, we found that only the downstream ATG was required for efficient VirBlO synthesis. Cellular
localization studies and analysis of translational fusions with the Escherichia coli alkaline phosphatase gene
(phoA) indicated that VirBlO was anchored in the inner membrane and contained a periplasmic domain. This
work also demonstrated the utility of alkaline phosphatase as a reporter for secreted proteins in A. tumefaciens.
Several high-molecular-weight forms of VirBlO were observed after treatment of A. tumefaciens whole cells or
inner membranes with protein cross-linking agents, suggesting that VirBlO exists as a native oligomer or forms
an aggregate with other membrane proteins. These results provide the first biochemical evidence that a VirB
protein complex is membrane associated in A. tumefaciens.

The soil bacterium Agrobacterium tumefaciens initiates
crown gall tumor formation in plants by transferring a
segment of DNA (the T-DNA) from the Ti plasmid of the
bacterium into the plant cell nucleus (for reviews see refer-
ences 3, 43, and 44). This remarkable process is mediated, in
part, by the virulence (vir) gene products that are encoded by
at least seven operons in octopine-type Ti plasmids, desig-
nated virA, -B, -C, -D, -E, -G, and -H (15, 27). The results
from numerous studies concerning the structure and func-
tion of the vir gene products have revealed similarities
between the processes of T-DNA transfer and bacterial
conjugation. Thus, it has been proposed that the vir genes
are functionally analogous to the tra genes of conjugative
plasmids (28, 44, 45). This model is supported by the finding
that the mob and oriT functions of a small mobilizable
plasmid (pRSF1010) can generate a DNA molecule capable
of passage to plant cells through the activities of the vir gene
transfer machinery (4). Although some of the early vir-
mediated events in T-DNA processing are becoming under-
stood, the mechanism by which the T-DNA molecule is
transported across both the bacterial and plant cell mem-
branes and walls remains unknown. In the best-character-
ized bacterial conjugal transfer system, that of the Esche-
richia coli F plasmid, a number of F plasmid tra gene
products are believed to form a membrane-spanning DNA
transfer pore after juxtaposition of the donor and recipient
cells (13, 38). Therefore, it is possible that an analogous
membrane-associated T-DNA transfer complex is encoded
by the vir genes of A. tumefaciens.

Products of the Ti plasmid virB operon are candidates to
form such a T-DNA transfer complex for several reasons.
First, polar transposon insertions within the virB operon

completely abolish virulence, suggesting that at least some
of the VirB proteins are required for T-DNA transfer (27).
Second, nucleotide sequence analysis of the -9.5-kilobase-
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pair (kbp) virB operon from three Ti plasmids revealed that
of the 11 predicted virB proteins, most are likely to be
membrane associated (16a, 30, 36, 37), and three VirB
proteins have been localized to the bacterial envelope (9). In
more recent work, the VirBil protein was found to associate
extrinsically with the A. tumefaciens inner membrane, and
biochemical studies demonstrated that VirB1l is an ATPase
that can be autophosphorylated (6). The predicted virBIl
gene product also displays amino acid sequence similarity
with comGORF1, a protein required for the uptake and
passage of DNA through the cell wall of competent Bacillus
subtilis cells (1). Like VirB1l, comGORF1 contains a con-
sensus nucleotide-binding domain and is part of an operon
encoding a number of potential membrane-associated pro-
teins. These findings suggest that three different bacterial
processes involving DNA transport across a membrane
barrier, i.e., T-DNA transfer, conjugal exchange of plas-
mids, and bacterial transformation, all utilize a membrane
protein transport apparatus. Furthermore, the finding that
VirBil binds ATP and is an ATPase suggests that T-DNA
transport is regulated by VirB1l phosphorylation, or by the
VirBil-mediated phosphorylation of other VirB proteins
that compose a membrane transfer channel. Further charac-
terization and precise cellular localization of the VirB pro-
teins thus appears essential to understand the mechanism of
T-DNA transfer. Here we report a biochemical analysis of
the virB10 gene product that was predicted by a recent
revision of the original pTiA6 virB operon nucleotide se-
quence (36, 37). Our results indicate that VirBlO has a
transmemblrane topology and is a component of an inner
membrane protein complex in A. tumefaciens.

MATERIALS AND METHODS
Reagents and enzymes. Acetosyringone (AS), isopropyl-p-

D-thiogalactopyranoside (IPTG), 5-bromo-4-chloro-3-indoyl-
phosphate (X-P), p-nitrophenyl phosphate, p-Nitro Blue
Tetrazolium, N-ethylmaleimide, phenylmethylsulfonyl fluo-
ride, 3,-indoleacrylic acid, lysozyme, kanamycin, chloram-
phenicol, and carbenicillin were purchased from Sigma
Chemical Co. (St. Louis, Mo.). Tween 20, trizma base,
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FIG. 1. Plasmid vectors for the analysis of genes from the 3' end of the pTiA6 virB operon. Vector sequences are represented by lines,
and the directions of transcription from the expression vector promoters are indicated by the arrowheads. Locations of the predicted virB
genes (36, 37) are indicated by the shaded rectangles. The restriction endonuclease sites used to subclone the virB-containing DNA fragments
are shown on the top line and abbreviated as follows: B, BamHI; E, EcoRI, S, Sall, X, XhoI. In the construction of pJW327 and pJW339,
an EcoRI site was introduced within the 3' end of virB8 as described in Materials and Methods. The arrows locate TnphoA (20) insertions in
virBJO as determined by DNA sequence analysis.

alkaline phosphatase-conjugated goat anti-rabbit and goat
anti-mouse immunoglobulin Gs, and nitrocellulose paper
were obtained from Bio-Rad Laboratories (Richmond,
Calif.). Bis(sulfosuccinimidyl) suberate (BS3) and dimethyl
3,3'-dithiobispropionimidate (DTBP) were purchased from
Pierce Chemical Co. (Rockford, Ill.). Restriction endonu-
cleases and T4 DNA ligase were purchased from either
Bethesda Research Laboratories, Inc. (Gaithersburg, Md.)
or International Biotechnologies, Inc. (New Haven, Conn.).
Si nuclease (from Aspergillus oryzae) and E. coli exonucle-
ase III were from Bethesda Research Laboratories. 35S-
labeled dATP, 35S-labeled methionine, and the in vitro E.
coli transcription-translation kit were obtained from Amer-
sham Corp. (Arlington Heights, Ill.). Sequence analysis was
done with the PC-Gene program from Intelligenetics, Inc.
(Mountain View, Calif.).

Strains and growth conditions. A. tumefaciens A348 is
strain A136 containing pTiA6NC (10). A derivative of this
strain also contained pToK9 (14), a plasmid that enhances vir
gene expression. The bacteriophage vector M13mpl8 (40)
and E. coli MV1190 and CJ236 were obtained from Bio-Rad
Laboratories. Strain JW100 (36) was used to propagate and
maintain plasmid vectors, and the phoA-deleted strain
CC159 was obtained from Colin Manoil (University ofWash-
ington, Seattle). All growth media, bacterial and phage
growth conditions, and procedures for vir gene induction
were as described previously (7), except that vir inductions
were performed for 14 h in the presence of 200 ,uM AS.

Plasmid constructions. All procedures for plasmid DNA
isolation and manipulation were as described by Maniatis et
al. (19). Plasmid pJW200 contains the 3.9-kbp SalI 12 frag-
ment from pTiA6 cloned into pUC119 (31) such that tran-
scription of the virB genes was opposite that of the lac
promoter on the vector. A deletion derivative ofpJW200 was
constructed by digestion with XbaI and KpnI, treatment
with exonuclease III and S1 nuclease, and then blunt-end
ligation with T4 DNA ligase. DNA sequence analysis (Se-
quenase kit; U.S. Biochemical Corp., Cleveland, Ohio) of

the resulting plasmid, pA25-200, showed that the EcoRI site
of the vector was located 230 base pairs from the predicted
start codon of the virB9 gene. Plasmid pJW325 was then
made by subcloning a 1.8-kbp SalI-XhoI fragment containing
the 3' end of virB10, all of virBIl, and the 5' end of virG into
the Sall site of pA25-200. Next, plasmid pJW329 was con-
structed by cloning the 1.53-kbp EcoRI-PstI fragment from
pJW325 into the expression vector pKK223-3 (Pharmacia
LKB Biotechnology Inc). The virB9, virBiO, and virBIlI
genes were then placed under tac promoter control by
inserting the 2.1-kbp PstI fragment from pJW325 into the
PstI site of pJW329 to give pJW339 (Fig. 1). The virB9 and
virBiO genes were placed under lac promoter control in
plasmid pJW327 by cloning the 2.2-kbp EcoRI fragment from
pJW325 into pUC119. The construction of plasmids pJW322
(6), pJW301 (36), and pJW279 (36) has been described
previously.

Isolation of TnphoA translational fusions. The methods
used for A::TnphoA infection (20), identification of TnphoA
insertion plasmids, and alkaline phosphatase assays were as
described previously (39). The virBJO: :TnphoA fusion junc-
tions were determined by DNA sequence analysis with an
oligonucleotide primer complementary to the end of
TnphoA. Expression of the expected VirBlO-PhoA fusion
proteins was then confirmed by immunostaining analysis
with rabbit anti-E. coli alkaline phosphatase antiserum (ob-
tained from Steve Lory, University of Washington, Seattle).
The virBJO::phoA fusion genes from p327-25 and p327-22
(Fig. 1) were cloned out as HindIII fragments and inserted
under lac promoter control in pRK404 (8) to give the
plasmids p404-25 and p404-22, respectively. A348 cells con-
taining these virB1O::phoA plasmids were grown in MG/L
medium (7) containing 3 jig of tetracycline per ml at 28°C to
an optical density at 600 nm of 0.5 and then assayed for
alkaline phosphatase activity.

Oligonucleotide mutagenesis. All mutagenesis procedures
were done as outlined in the MUTA-GENE M13 mutagen-
esis kit (Bio-Rad Laboratories). Oligodeoxynucleotides were

pJW279

pJW301

pJW327

pJW322
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synthesized on a Biosearch 8600 DNA synthesizer and
purified with columns from Applied Biosystems. The 2.2-
kbp EcoRI fragment from pJW327 was cloned into M13mpl8
such that virB9 and virB10 transcription was directed by the
lac promoter. Single-stranded DNA containing uracil was
then isolated from E. coli CJ236 and used as the template for
mutagenesis reactions. The potential ATG initiation codons
of virBlOa and virBIOb (see text) were changed to CTG by
using the oligonucleotides 5'-CCAGATACAGAGTACTG-3'
and 5'-ATCGTTATTCAGCCCTTTGC-3', respectively, to
prime the in vitro synthesis of the complementary strand. An
oligonucleotide primer, 5'-GTCGGAGACCAGGGATC-3',
was then used to confirm the changes by DNA sequence
analysis. The 2.2-kbp EcoRI fragment was then cloned into
pUC119, placing the altered genes behind the lac promoter
on plasmid pJW327-16 (virBlOa) and pJW327-15 (virBiOb).
To create an in-frame deletion between virB10 residues Lys-
22 and Lys-55, we used an oligodeoxynucleotide, 5'-TGCG
TTGTCATTCACGTCGGAGACCAGGGA-3', containing
bases complementary to the 15 bases on either side of the
deletion endpoints, to prime complementary strand synthe-
sis. The presence of the deletion was confirmed by DNA
sequencing with a primer, 5'-GCACCTCAATCGGACG-3',
complementary to the template strand from 61 to 76 bases
upstream of the fusion junction. The 2.1-kbp EcoRI fragment
containing the virB9 and virBlOA22-55 genes was then sub-
cloned into pUC119 with the virB genes under lac promoter
control to give plasmid pJW327A22-55. The virB10 coding
region downstream of the PstI site at base pair 8471 (codon
167) (36, 37) in pJW327A22-55 was then replaced with a
2.6-kbp PstI fragment from p339-1 containing the entire
phoA gene and virB10 gene sequences between the PstI site
and the TnphoA insertion site. The resulting plasmid, p327-
1A22-55, contained the virBlO::phoA fusion gene present in
p339-1 as well as the A22-55 deletion.

Protein analysis, immunoblotting, and cell fractionation.
Protein concentrations were determined with the BCA pro-
tein assay reagent (Pierce), using bovine serum albumin
(Sigma) as a standard. In vitro synthesis, [35S]methionine
labeling of plasmid-encoded proteins, and autoradiography
were done as described previously (36). For one-dimensional
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), proteins were analyzed by using 0.75-mm 7.0
or 10.0% gels and stained with Coomassie brilliant blue. For
quantitation of radioactivity, dried gels were scanned with a
phosphoimager (Molecular Dynamics Corp.). The TrpE-
VirB10 fusion protein expressed by pJW279 was gel purified
(12) from E. coli cell lysates and used to raise antiserum in
mice (25). Immunoblotting and immunostaining reactions
were performed as described previously (7). Apparent mo-
lecular weights were estimated by plotting migration dis-
tance versus log of the molecular weight, using protein
molecular weight markers and prestained markers purchased
from Bethesda Research Laboratories. For fractionation of
A. tumefaciens, AS-induced cells from a 500-ml culture were
pelleted and washed three times in 50 mM sodium phosphate
(pH 7.6) (P04 buffer), suspended in 5.5 ml of P04 buffer
containing 20% (wt/vol) sucrose, 0.2 mM dithiothreitol, and
0.2 mg each of DNase I and RNase A (Sigma) per ml, and
then broken by three passages through a French press at
14,000 lb/in2. Lysozyme was added to a final concentration
of 0.4 mg/ml, and the lysate was incubated on ice for 30 min.
Then 5 ml of P04 buffer was added, and cell debris was
removed by two centrifugations at 20,000 x g for 15 min
each. The resulting cleared lysate was made 0.2 M with KCl,
and the membranes were then pelleted at 150,000 x g for 1

h at 4°C in an SW55 Ti rotor. The total membrane pellet was
suspended in 1 ml of ice-cold P04 buffer by sonication for
three 20-s intervals with an extrafine microtip probe at a
power setting of 4 (Heat Systems-Ultrasonics, Inc., Farm-
ingdale, N.Y.). The volume was brought up to 5.5 ml with
P04 buffer, and the membranes were repelleted at 150,000 x
g for 1 h. Membranes were suspended in 1 ml of 20% sucrose
(wt/vol)-3 mM EDTA-0.2 mM dithiothreitol by sonication,
and inner and outer membranes were separated by isopycnic
sucrose gradient centrifugation (17). Methods for isolation of
the periplasmic protein fraction were as described previ-
ously (7). The efficiency of fractionation was assessed by
measuring the cytoplasmic enzyme marker malate dehydrog-
enase and the inner membrane marker NADH oxidase. Over
90% of the total malate dehydrogenase activity was routinely
present in the soluble protein fraction, while at least 95% of
the total NADH oxidase activity was found in the inner
membrane fraction.

Protein cross-linking procedures. For cross-linking of
whole cells, a 25-ml culture of AS-induced A348 cells
containing plasmid pToK9 was pelleted at 10,000 x g for 10
min, washed three times in 10 ml of 50 mM P04 buffer, and
then resuspended in 2.5 ml of P04 buffer. A 10 mM stock
solution of the homofunctional, noncleavable cross-linking
reagent BS3 (29) was prepared in P04 buffer and added at a
final concentration of 200 ,uM to 200 RI of cells in a 1.5-ml
microcentrifuge tube. All reaction mixtures were incubated
at room temperature for 30 min. Cross-linking reactions
were quenched by the addition of 200 ,u of 20 mM N-ethyl-
maleimide in 50 mM Tris hydrochloride (pH 7.5) and incu-
bated for 5 min at room temperature. The cells were pelleted
in the microcentrifuge, washed once in 200 pul of 50 mM Tris
hydrochloride containing 1 mM phenylmethylsulfonyl fluo-
ride and dissolved in 200 RI of SDS sample buffer (0.062 M
Tris hydrochloride [pH 6.8], 2% SDS [wt/wt], 10%o glycerol,
2% 2-mercaptoethanol [vol/vol], 0.1% bromphenol blue [wt/
vol]). All samples were heated at 95°C for 5 min before
analysis by SDS-PAGE with 7.0% gels. Inner membrane
fractions, which were isolated in approximately 40% sucrose
(wt/vol)-3 mM EDTA (pH 8.0)-0.2 mM dithiothreitol, were
either dialyzed before use against P04 buffer at 4°C or
diluted threefold in P04 buffer and used directly in cross-
linking reactions. There appeared to be no difference in the
yield of cross-linked products with either treatment. The
membrane protein samples were analyzed by cross-linking
with either BS3 or DTBP (35), a homofunctional reagent
which contains an internal disulfide bond that can be cleaved
by reduction with 2-mercaptoethanol. Typical reaction mix-
tures contained 40 pAl of membrane protein (between 15 and
17 ,ug of total protein) containing a final concentration of
either 50 or 200 puM BS3 or 5 mM DTBP. After 30 min of
incubation at room temperature, 40 RI of 50 mM Tris
hydrochloride (pH 7.5) containing 20 mM N-ethylmaleimide
was added for 5 min. The BS3-cross-linked samples were
then diluted with 80 RI of SDS sample buffer containing 2%
2-mercaptoethanol and heated at 95°C for 5 min. The DTBP-
cross-linked samples were diluted with 80 pR1 of SDS sample
buffer without 2-mercaptoethanol and heated at 70°C for 5
min. For two-dimensional SDS-PAGE, cross-linked proteins
(17 jig) were separated in the first dimension through a
1.5-mm 2.5% stacking gel containing 0.125 M Tris hydro-
chloride (pH 6.8) and 0.4% SDS with a 7% running gel
containing 0.125 M Tris hydrochloride (pH 8.0) and 0.4%
SDS at 30 mA. A gel slice (5 mm) containing the proteins was
cut away and incubated at room temperature for 45 min in 5
ml of 0.125 M Tris hydrochloride (pH 6.8)-0.4% SDS-10%
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FIG. 2. Identification of VirB proteins. Autoradiograph of pro-

teins expressed from virB expression vectors using a coupled in
vitro transcription-translation system. [35S]methionine-labeled pro-
teins were separated by SDS-PAGE through a 10% gel followed by
autoradiography. The plasmid order is pUC119 (lane 2), pJW322
(lane 3), pJW327 (lane 4), pKK223-3 (lane 5), pJW339 (lane 6), and
pJW301 (lane 7). A control lacking plasmid DNA is shown in lane 1.
The positions of the potential VirB proteins are indicated. Molecular
mass standards (in kilodaltons) include myosin (H chain) (200),
phosphorylase b (97.4), bovine serum albumin (68), ovalbumin (43),
and carbonic anhydrase (29).

(vol/vol) 2-mercaptoethanol. The gel slice was then placed
lengthwise onto a 1.5-mm gel containing a 2.5% stacking gel
and a 9% running gel for separation in the second dimension.

RESULTS
Identification of virB1O gene product. A recent revision of

the pTiA6 virB nucleotide sequence altered the original
virBJO gene reading frame (36, 37), and the structure of the
virB operon at the 3' end predicted by the revised sequence
is shown in Fig. 1. To confirm the expression of the
predicted proteins, we constructed several plasmids, each of
which contained a different virB DNA restriction fragment
cloned such that the virB genes were expressed by either the
lac or tac promoter on the vector (Fig. 1). The virB plasmid-
encoded gene products were then visualized by using an E.
coli in vitro coupled transcription-translation system. Plas-
mid pJW327 contained the virB9 and virBJO genes placed
under lac promoter control and encoded two polypeptides
with apparent molecular masses (Ma) of 48 and 32 kilodal-
tons (kDa), respectively (Fig. 2, lane 4), that were not
expressed by the pUC119 vector (lane 2). When the virB9,
virB0O, and virBll genes were placed under tac promoter
control in plasmid pJW339, three new proteins of Ma 48, 38,
and 32 kDa, respectively, were detected (compare lane 5
with lane 6). Plasmid pJW301, which had the virB8 and virB9
genes placed behind the tac promoter, encoded two new

proteins of Ma 32 and 28 kDa, respectively (compare lane 5
and lane 7). These data suggested that the 48-kDa protein
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could be the virBJO gene product, which from the revised
pTiA6 virB nucleotide sequence (37) has a predicted molec-
ular mass (Ms) of 40,666 Da (but see below). Likewise, the
28- and 32-kDa polypeptides might correspond to the virB8
(Ms of 25,382 Da) and virB9 (Ms of 32,172 Da) gene
products, respectively (37). Finally, the 38-kDa protein
represented the previously identified VirBil protein (6),
which was also encoded by pJW339 (Fig. 2, lane 6) and by
pJW322, a plasmid containing only the virBII gene under lac
promoter control (lane 3).

VirB10-specific antiserum was used to confirm the identi-
fication of the 48-kDa virBJO gene product. Plasmid pJW279
contains the trp promoter and trpE gene joined near its
carboxyl end in frame to the virBJO coding sequence be-
tween the BamHI site at bp 8018 and the SalI site at base pair
8800 of the revised pTiA6 nucleotide sequence (36, 37). An
Ma 70-kDa fusion polypeptide was encoded by pJW279 that
contained almost all the TrpE peptide and 262 amino acids of
VirBlO (Fig. 3a, lane 4). This fusion protein was isolated by
preparative SDS-PAGE and used to raise antiserum in mice.
Immunostaining analysis of proteins expressed from pJW279
after Trp induction in E. coli showed that this antiserum
reacted strongly with the 70-kDa TrpE-VirB10 fusion protein
and with breakdown products of this protein (Fig. 3b, lane
4). The antiserum was found to react only weakly against the
37-kDa TrpE protein (Fig. 3b, lane 3), suggesting that it
recognized primarily VirBlO antigenic determinants. A 70-
kDa protein that copurified with the fusion protein was also
detected weakly in E. coli (Fig. 3b, lanes 2 and 3), In E. coli
cells expressing both the virB9 and virBJO genes on plasmid
pJW327, the antiserum recognized the 48-kDa VirBlO pro-
tein identified in vitro as well as two minor peptides of about
39 and 36 kDa (Fig. 3b, lane 5). However, in extracts of A.
tumefaciens A348 induced for vir gene expression, only the
48- and 39-kDa proteins were detected (Fig. 3b, lane 6). The
synthesis of both proteins in A. tumefaciens was found to
depend on the presence of the Ti plasmid and vir gene
induction. In addition, we found that virB mutant strains
containing Tn3 transposon insertions in either the virBJO
gene or upstream vir genes did not express either the 48- or
39-kDa protein, indicating that both were virBJO gene prod-
ucts (37a).

Mutagenesis of virB1O translation initiation codon. The
predicted virBJO gene reading frame contains two potential
ATG translation initiation codons located 32 codons apart in
the same reading frame (Fig. 4a). The corresponding genes,
virBIOa and virBIOb, would encode predicted proteins of
44,364 and 40,666 Da, respectively (30, 37). To determine the
gene from which the 48-kDa VirBlO protein was derived, the
predicted ATG start codons were changed to CTG by
oligonucleotide-directed mutagenesis. Replacement of an

internal ATG codon in the virBJO gene by CTG, resulting in
incorporation of Leu instead of Met, would not be expected
to interfere with protein elongation. However, replacement
of the initiation codon with CTG would be expected to
decrease significantly the level of VirBlO protein synthesis,
since CTG is utilized inefficiently as a translation initiation
codon in E. coli (5). Plasmids containing the wild-type
(pJW327), altered virBlOa (pJW327-16), and altered virBlOb
(pJW327-15) genes under lac promoter control were then
used as templates in the E. coli in vitro protein transcription-
translation system. Figure 4b shows an autoradiograph of
[35S]methionine-labeled proteins synthesized in vitro and

separated by SDS-PAGE. The level of radioactivity present
in each 48-kDa VirBlO protein band was determined and
normalized to the amount of radioactivity incorporated into
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FIG. 3. Immunological identification of the VirBlO protein. (a) Coomassie brilliant blue-stained SDS-10% polyacrylamide gel representing
total proteins from E. coli JW100 cells containing the following plasmids: pATH1 uninduced (lane 2), pATH1 induced with 3p-indoleacrylic
acid (lane 3), pJW279 induced (lane 4), pJW327 induced with IPTG (lane 5). Lane 6 shows proteins present in A. tumefaciens A348 cells
induced for vir gene expression with AS. The prestained protein size standards used (Bethesda Research Laboratories) were calculated to
have molecular masses (in kilodaltons) as indicated. (b) Corresponding immunoblot developed with anti-VirBlO antiserum.

the ,-lactamase band and an additional common background
band. The results indicated that changing the predicted
virBlOa start codon to CTG had no effect on the amount of
radioactivity incorporated into VirBlO (Fig. 4b, lanes 3 and
4). However, mutation of the virBIOb start codon decreased
the amount of radioactivity incorporated into the VirBlO
protein by 74% compared with pJW327 (Fig. 4b, lanes 3 and
5) and by 78% compared with plasmid pJW327-16 (lanes 4
and 5). The observed decrease in [35S]methionine incorpo-
ration into VirBlO with pJW327-15 as a template was much
greater than that expected from the loss of one methionine
codon in the gene, since the predicted VirBlOb protein
contains a total of seven methionine residues (30, 36, 37).
Furthermore, immunostaining analysis of proteins from
IPTG-induced E. coli cells revealed a similar decrease in the
level of VirBlO synthesis directed by pJW327-15 but no
decrease with pJW327-16. From these results, we concluded
that the 48-kDa VirBlO protein was the product of virBIOb,
subsequently referred to here as the virBJO gene.

Cellular localization of VirBlO protein. Computer analysis
(PC-Gene) identified a potential membrane-spanning domain
located near the amino-terminal end of the predicted VirB10
protein. To determine whether VirBlO was in fact membrane
associated, we fractionated cells of strain A348 induced for
vir gene expression into cytoplasmic, periplasmic, and inner
and outer membrane components. The separation profiles of
the inner and outer membrane fractions are shown in Fig. Sa,

and the protein profiles of the various fractions visualized by
SDS-PAGE and Coomassie brilliant blue staining are shown
in Fig. Sb. When these fractions were assayed by immuno-
staining with anti-VirB10 antiserum, the majority of both the
48- and 39-kDa VirBlO proteins were found in the inner
membrane fraction (Fig. Sc, lane 5). Neither protein was

detected in the free periplasmic protein fraction (Fig. Sc,
lane 10).

Isolation and characterization of virBlO::phoA fusions. To
investigate the membrane topology of VirB10, we used the
vector X: :TnphoA (20) to generate translational fusions with
the E. coli phoA gene. The phoA gene product is active only
upon export from the cytoplasm, and the utility of- alkaline
phosphatase fusions in analyzing membrane protein struc-
ture has been described in detail elsewhere (21, 22). Two
different TnphoA insertions in pJW327 and one in pJW339
were isolated which gave a PhoA+ phenotype in E. coli
CC159. The exact fusion junction in these plasmids was
determined by nucleotide sequence analysis, and expression
of the expected VirBlO-PhoA fusion proteins was confirmed
by immunostaining analysis with anti-PhoA and anti-VirBlO
antiserum. All three VirBlO-PhoA fusion proteins displayed
high levels of alkaline phosphatase activity, indicating that
the PhoA moiety was transported to the periplasm (Table 1).
The virBIO::phoA fusion genes from p327-25 and p327-22

were subcloned under lac promoter control into the broad-
host-range vector pRK404 (8) to determine whether these
fusion proteins displayed a similar activity in A. tume-
faciens. Cells of A. tumefaciens A348 harboring these plas-
mids grew as dark blue colonies on MG/L plates containing
X-P but as very pale blue colonies when containing pRK404
alone. Immunostaining analysis revealed that both VirB10-
PhoA fusion proteins were constitutively expressed in A.
tumefaciens, and both produced significant amounts of alka-
line phosphatase activity (Table 1). Cellular fractionation
experiments revealed that most of the alkaline phosphatase
activity was localized to the inner membrane of A. tume-
faciens (data not presented). No difference in alkaline phos-
phatase activity was observed in A348 cells containing the
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FIG. 4. (a) Nucleotide sequence and predicted amino acid sequences at the junction of the pTiA6 virB9 and virBIO genes (37). The start
points of the predicted virBlOa and virBIOb reading frames are indicated by boldface type, and potential ribosome-binding sites are indicated
by the overlined residues. The ATG initiation codons of these virB1O genes present on plasmid pJW327 were changed to CTG by
oligonucleotide-directed mutagenesis as described in Materials and Methods. (b) Autoradiograph showing the effect of virBIOa and virBIOb
initiation codon mutagenesis on the in vitro synthesis of VirBlO. Plasmid DNA (3 ,±g) was used as a template to synthesize [35S]methionine-
labeled proteins in vitro, and an equivalent amount of each reaction mixture was analyzed by SDS-PAGE with a 10% gel. Lane 1, No DNA
control; lane 2, pUC119; lane 3, pJW327; lane 4, pJW327-16; lane 5, pJW327-15. The locations of molecular mass standards (in kilodaltons)
are indicated on the left.

virBJO::phoA fusion plasmids after AS induction, indicating
that export of the fusion proteins did not depend on vir gene
functions (unpublished data). These data suggested that
much of the VirBlO protein downstream of the predicted
transmembrane region between residues 33 and 51 (Fig. 6a)
was localized to the periplasm in E. coli and A. tumefaciens.
In addition, this work demonstrated that the alkaline phos-
phatase protein, which has been used as a reporter for
exported proteins in a number of gram-negative organisms
(22), can be used to examine protein topology in A. tume-
faciens as well.
To determine whether the hydrophobic core and flanking

charged residues located between residues Lys-22 and
Lys-55 (Fig. 6a) were required for VirBlO membrane assem-

bly, we used oligonucleotide-directed mutagenesis to con-
struct an in-frame deletion of this region. When the
virBJOA22-55 gene was placed under lac promoter control on
plasmid pJW327A22-55, the expected Ma 45-kDa protein
was expressed after induction with IPTG (Fig. 6b, lane 3).
The A22-55 deletion was then introduced into the
virBlO::phoA fusion gene from p339-1 by restriction frag-
ment replacement to give plasmid pJW327-1lA22-55. This
plasmid directed the synthesis of an Ma 76-kDa fusion
protein (Fig. 6b, lane 4) which displayed a very low level of
alkaline phosphatase activity in E. coli CC159 (Table 1),
indicating that the PhoA moiety was no longer exported to
the periplasm. To allow for replication in Agrobacterium
species, pJW327-1A22-55 was joined to the broad-host-range
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TABLE 1. Characterization of virBJ0::phoA gene fusions in E. coli CC159 and A. tumefaciens A348

virBJO::TnphoA insertion plasmid in the following host: Fusion junction Observed fusion Alkaline phosphatase activity (U)c in:

E. coli CC159 A. tumefaciens A348 (codon)a protein (kDa)b E. coli CC159 A. tumefaciens A348

pUC119 pRK404 None None 5 4
p327-25 p404-25 82 55 145 285
p339-1 NDd 206 79 188 ND
p327-22 p404-22 331 97 146 222
p327-1lA22-55 pJW401 206A22-55 76 7 9

a Position of the TnphoA insertion in relation to the predicted translation start point of the virBIOb gene as determined by nucleotide sequence analysis.
b VirB10-PhoA fusion protein molecular mass was estimated by SDS-PAGE and immunostaining with anti-PhoA antiserum.
c Cells of E. coli CC159 containing either pUC119 or p327-1 were grown to the mid-log phase in LB medium containing 100 ,ug of carbenicillin per ml and then

grown in the presence ofd1 mM IPTG for 2 h before determination of alkaline phosphatase activity as described previously (20). Strains containing all other
plasmids were first grown in medium containing carbenicillin and kanamycin at 100 pLg/ml each and then induced for 2 h with 1 mM IPTG. Plasmid-containing
A. tumefaciens A348 cultures were grown to the mid-log phase in MG/L medium with 4 ,ug of tetracycline per ml and assayed. The values reported represent the
average of three independent determinations.

d ND, Not determined.

vector pTJS75 (26). The resulting plasmid, pJW401, was
then introduced into a A. tumefaciens A348, in which the
VirB1OA22-55-PhoA fusion protein had no alkaline phos-
phatase activity (Table 1).

Identification of VirBlO protein aggregates. Protein cross-
linking reagents were used to further investigate the struc-
ture of VirBlO in the membrane. In these experiments, cells
of strain A348 harboring pToK9 (14), a plasmid containing
the virG gene from the supervirulent Ti plasmid pTiBo542,

a
21 56
DKHRRRLSGSQKL IVGGVVLALSLSLIWLGGRQKKV

-+++t ~+ + ++

bM 1 2 3 4 M

were used to increase the level of virBJO gene expression.
After AS induction, A348 pToK9 whole cells were treated
with the membrane-impermeant protein cross-linking agent
BS3 (29). Because of its size (572 Da), BS3 is capable of
crossing through outer membrane pores into the periplasmic
space but cannot penetrate the cytoplasmic membrane be-
cause of its hydrophilic nature. Treatment of whole cells
with 200 ,uM BS3 resulted in the appearance of three VirBlO
protein aggregates with Ma of 80, 115, and 140 kDa, respec-
tively, in addition to the 48- and 39-kDa proteins (Fig. 7,
lanes 1 and 2). Based on its immunostaining intensity, the
140-kDa molecule appeared to be the most abundant VirBlO
aggregate. Identical results were obtained when A348 cells
lacking pToK9 were subjected to cross-linking, but the
levels of all the VirBl0 protein products were reduced. The
same VirBl0 aggregates were also observed when purified
inner membranes from AS-induced A348 pToK9 cells were
treated with either 50 or;200 ,uM BS3 (Fig. 7, lanes 4 and 5).
The subunit compositions of the VirBlO complexes were

examined with the cleavable cross-linking agent DTBP (35).
Preliminary experiments showed that concentrations of 2 to

M 1 2 3 4 5
c68

aomwm
amm-. au45

29

FIG. 6. (a) Predicted amino acid sequence of virBIOb between
residues 21 and 56 (37), showing a potential membrane-spanning
region (underlined residues) identified by using the algorithms of
Rao and Argos (24) and Klein et al. (16). The charged residues
flanking the hydrophobic core are also indicated. (b) Identification of
VirBlO and VirBlO-PhoA fusion proteins containing a virBJOA22-55
deletion. Cells of E. coli CC159 harboring various plasmids were
grown in the presence of 1 mM IPTG for 2 h, and proteins were
analyzed by SDS-PAGE and immunostaining with anti-VirBlO
antiserum. Lane 1, pUC119; lane 2, pJW327; lane 3, pJW327A22-55;
lane 4, p327-1A22-55; lanes M, molecular mass markers (in kilodal-
tons).
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FIG. 7. BS3 cross-linking analysis of the VirBlO protein. AS-
induced A. tumefaciens whole cells or purified inner membranes
were treated with BS3 (29) and examined by one-dimensional
SDS-PAGE (7% gel) as described in Materials and Methods. The
proteins were then transferred to nitrocellulose and reacted with
anti-VirBlO antiserum. Lane 1, Untreated whole cells; lane 2, whole
cells treated with 200 ,uM BS3; lane 3, untreated inner membrane;
lane 4, inner membrane treated with 50 ,uM BS3; lane 5, inner
membrane treated with 200 ,uM BS3; lane M, molecular mass
markers (in kilodaltons). The positions and calculated molecular
masses for the major cross-linked VirBlO complexes are indicated.
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FIG. 8. Two-dimensional gel analysis of DTBP-cross-linked VirB10. Inner membrane proteins were cross-linked with 5 mM DTBP (35)
and subjected to two-dimensional SDS-PAGE as described in Materials and Methods. The direction of migration during SDS-PAGE is
indicated for each dimension. The positions of the VirB10 protein monomers and aggregates in the second dimension are indicated. Molecular
masses are indicated in kilodaltons (K).

5 mM DTBP gave optimum results and generated the same
VirBlO aggregates as BS3. Inner membrane proteins were
treated with 5 mM DTBP and then subjected to two-
dimensional SDS-PAGE with reduction of the cross-links
before electrophoresis in the second dimension. Upon re-
duction, the subunits of the cross-linked molecules migrated
below the diagonal to positions dependent on their molecular
weights. Immunoblotting analysis revealed that the Ma
80-kDa aggregate yielded only the smaller 39-kDa VirBlO
peptide as an off-diagonal component (Fig. 8). The reduced
Ma 115-kDa VirBlO aggregate appeared to contain the
48-kDa protein as a major component as well as a small
amount of the 39-kDa protein. Finally, only the 48-kDa
VirBl0 protein was detected upon reduction of the Ma
140-kDa aggregate.

DISCUSSION
The virB gene products have been proposed to form a

multicomponent T-DNA transport apparatus in the A. tume-
faciens cell wall (6, 36, 44). The VirBl0 cross-linking anal-
ysis reported here provides the first biochemical evidence of
a VirB protein complex in A. tumefaciens. We found that
treatment of either A. tumefaciens whole cells or purified
inner membranes with protein cross-linking reagents re-
sulted in the formation of VirBl0 aggregates (Fig. 7) that
were composed, at least in part, by combinations of 39- and
48-kDa VirBlO protein forms (Fig. 8). From our data, we are
unable to conclude whether these aggregates represent
VirBlO homomultimers or VirBl0 cross-linked with other
proteins. The size and relative abundance of the 140-kDa
aggregate we observed could be explained by the presence of
a 48-kDa VirBlO protein trimer, with the smaller aggregates
representing proteolytic breakdown products. However, fur-
ther biochemical analysis will be necessary to determine the
exact composition of these VirBlO complexes. The signifi-
cance of the 39-kDa VirBl0 peptide identified by immuno-
staining in both E. coli and A. tumefaciens is unclear (Fig.
3b). The 48-kDa protein appears to be the major virB10 gene
product, and it was the only VirBl0 protein synthesized in

vitro (Fig. 2, lanes 4 and 6). Thus, the 39-kDa protein might
simply represent an in vivo breakdown product.
Two possible translation start sites located in tandem,

designated virBlOa and virBIOb, are predicted by the virBJO
nucleotide sequence (30, 37) (Fig. 4a). We found that chang-
ing the virBIOb start codon to CTG resulted in a nearly
fivefold decrease in the amount of [35S]methionine incorpo-
rated into the VirBlO protein upon in vitro synthesis,
whereas replacing the virBlOa start codon with CTG had no
effect (Fig. 4b). These data indicated that virBiOb encoded
the 48-kDa protein. Examination of the virBiO nucleotide
sequence supports this conclusion, since the virBlOa reading
frame overlaps that of the preceding virB9 gene for 32
codons, whereas the virBIOb start codon overlaps the termi-
nation codon of virB9 and suggests that these genes are
translationally coupled (Fig. 4a). Thus, preferential transla-
tion of the virBIOb gene might be expected. These results
also indicate that CTG can direct translation, at least in this
E. coli in vitro system, at an efficiency somewhat higher than
that previously reported (5). The reason for the discrepancy
between the observed (48 kDa) and predicted (40.7 kDa) (30,
37) molecular sizes of the VirBlO protein is unknown, but
differences between the predicted and apparent molecular
weights have been reported for other vir gene products as
well (41, 42).

Cellular fractionation studies revealed VirBlO to be an
intrinsic inner membrane protein (Fig. 5). In addition, anal-
ysis of virBJO::TnphoA fusions (Table 1), as well as the
accessibility of VirBlO to the inner membrane-impermeant
cross-linking reagent BS3 in whole cells of A. tumefaciens
(Fig. 7), indicated that VirBlO contained a periplasmic
domain. We found that in-frame deletion of a potential
membrane-spanning region between residues 22 and 55 (Fig.
6a) blocked translocation of a VirB1OA22-55-PhoA fusion
protein to the periplasm in both E. coli and A. tumefaciens
(Table 1) and also prevented membrane insertion of the
VirB1lOA22-55 protein in A. tumefaciens (data not present-
ed). It is possible that structural changes caused by the
deletion blocked membrane insertion in an indirect manner,

a
,0

c
n

E

cs
cm

J. BACTERIOL.

C ..

1,



VirB1O PROTEIN AGGREGATE IN AGROBACTERIUM TUMEFACIENS

perhaps due to incorrect protein folding or impaired interac-
tion with secretory factors. However, the predicted trans-
membrane structure and the location of the 327-25
virBJO::phoA insertion immediately downstream (Table 1)
both suggest a membrane-spanning role for this domain.
Proteolytic processing of this region is unlikely, since a
potential signal sequence processing site is lacking according
to the "(-3, -1)-rule" of Von Heijne (32). In addition, we
have found that the mobility in SDS-PAGE of the VirBlO
protein synthesized either in vitro or in vivo is identical (data
not presented), further suggesting that signal processing
does not occur. We note that residues 22 to 55 represent an
atypical topogenic element, as the 19-amino-acid hydropho-
bic core is flanked on the amino end by a net +5 positively
charged region and on the carboxyl end by a net + 3
positively charged region (Fig. 6a). This concentration of
positively charged residues on either side of a membrane-
spanning region is very unusual among bacterial exported
proteins, probably because the basic residues do not easily
penetrate the membrane (11, 23, 33). It may be that the
slightly greater net positive charge (+2) on the amino-
terminal side of the VirBlO residue 22 to 55 membrane-
spanning domain serves to properly orient the protein in the
membrane (18, 34). In the simplest topology model consis-
tent with these results, VirBl0 is a monotopic protein with
the amino terminus located in the cytoplasm, an uncleaved
membrane-anchoring domain located between residues
Leu-33 and Gly-51, and the remainder of the protein exposed
to the periplasmic space. However, from our data we cannot
rule out a more complex membrane topology for VirB10.
The biochemical function of VirBl0 is unknown, and it is

only the second virB gene product to be precisely localized.
In the recent report by Christie et al. (6), the virBll gene
product was found to fractionate into both the cytoplasm and
inner membrane of A. tumefaciens. In addition, the purified
VirBll protein was discovered to be an ATPase capable of
undergoing autophosphorylation (6). Based on these results,
and by analogy with bacterial periplasmic transport systems
(2), it was proposed that VirBll functions as an extrinsic
membrane protein kinase to regulate via phosphorylation the
conformation or activity of an integral membrane T-DNA
transfer pore (6).
We have recently demonstrated that virBJO is required for

plant transformation (37a) and for the transfer to plant cells
of a Mob' pRSF1010 derivative plasmid lacking a T-DNA
border (J. Ward and A. Binns, unpublished data). Thus, the
identification of a membrane-spanning VirBlO protein aggre-
gate raises the possibility that VirBl0 is a structural compo-
nent of the T-DNA transfer apparatus.
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